Heparan sulfate is a polysaccharide belonging to the glycaminoglycan family. It interacts with numerous proteins of the extracellular matrix, in particular cellular growth factors. The number of experimental proteinheparin sulfate complexes obtained by crystallography or nuclear magnetic resonance is limited. Alternatively, computational approaches can be employed. Generally, they restrain the conformation of the glycosidic rings and linkages in order to reduce the complexity of the problem. Modeling the interaction between protein and heparan sulfate is indeed challenging because of the large size of the fragment needed for a strong binding, the flexibility brought by the glycosidic rings and linkages and the high density of negative charges. We propose a two-step method based on molecular docking and molecular dynamics simulation. Molecular docking allows exploring the positioning of a rigid heparin sulfate fragment on the protein surface. Molecular dynamics refine selected docking models by explicitly representing solvent molecules and not restraining the polysaccharide backbone. The interaction of a hexamer of heparin sulfate was studied in interaction with fibroblast growth factor 2 and stromal cell-derived factor 1α. This approach shed light on the plasticity of the growth factors interacting with heparan sulfate. This approach can be extended to the study of other protein/glycosaminoglycan complexes.
Introduction
Heparan sulfate (HS) is a linear polysaccharide belonging to the group of glycosaminoglycans. It is ubiquitously present in the extracellular matrix where it is covalently attached to cell surface or matrix proteins, forming the proteoglycans (Casu and Lindahl 2001; Lindahl and Li 2009) . Glycosaminoglycans consist of successive disaccharide units composed of alternating hexuronic acid and hexosamine residues. In the case of HS, the hexuronic acid is a glucuronic (GlcA) or an iduronic (IdoA) acid and the hexosamine is a glucosamine (GlcN). At first, the heparan sulfate polysaccharide is synthesized as a repeat of glucuronic acid 1-4 linked to an N-acetyl-glucosamine (GlcNAc). In the second step, the polysaccharide is locally deacetylated, and then N-and O-sulfated. Some of the GlcA residues are epimerized at C-5, resulting into iduronic acid (Hagner-Mcwhirter et al. 2000 Carlsson et al. 2008) . This leads to a heterogeneous polymer organized in distinct, highly sulfated domains of variable size and composition (S-domains) separated by regions of low sulfation enriched in N-acetylated disaccharide units (NA-domains) (Esko and Lindahl 2001; Murphy et al. 2004; Carlsson et al. 2008) .
HS is involved in numerous interactions with proteins from the extracellular matrix and the cell surface. In particular, HS interacts with cellular growth factors such as the vascular endothelial growth factors (VEGFs) (Stauffer et al. 2002; Stringer 2006) or the fibroblast growth factors (FGFs) (Schlessinger et al. 2000; Raman et al. 2003) . It often acts by concentrating the diffusible growth factor at the cell surface, as coligand to the cell surface receptor of those proteins, which makes HS a core gear of physiological processes such as wound (Schultz and Wysocki 2009) , angiogenesis (Iozzo et al. 2009; Grünewald et al. 2010) or cancer development (Iozzo et al. 2009 ).
In spite of the importance of the HS-growth factors interactions, only few of these complexes have been studied at the atomic level by experimental means. To date, only FGF1 (Digabriele et al. 1998; Pellegrini et al. 2000) , FGF2 (Schlessinger et al. 2000) and the hepatocyte growth factor (HGF) (Lietha et al. 2001 ) have been cocrystallized with an HS fragment (>2 disaccharide repeats). Alternatively, computational methods have been employed to model the interaction of HS-sulfated regions with endostatin, stromal cell-derived factor 1α (CXCL12α), platelet endothelial cell adhesion molecule 1, annexin A2, antithrombin-III and tumor necrosis factor-stimulated gene-6 (Sadir et al. 2001 (Sadir et al. , 2004 Ricard-Blum et al. 2004; Mahoney et al. 2005; Forster and Mulloy 2006; Guerrini et al. 2008; Gandhi and Mancera 2009) . Molecular docking gives the possibility for studying HS fragments of various compositions or even synthetic HS-derived compounds, as far as a tridimensional structure of the target protein is available.
To date, only few molecular docking methods have been specifically elaborated to the case of HS-protein complex (Bitomsky and Wade 1999; Sadir et al. 2001; Mahoney et al. 2005; Raghuraman et al. 2006) . Docking an HS fragment of reasonable size (≥4 monosaccharide units) to a protein binding site is challenging due to the electrostatic charge carried by the ligand and the protein, as well as the flexibility of the glycosidic rings and linkages (Schlessinger et al. 2000; Capila et al. 2001; Sadir et al. 2001 Sadir et al. , 2004 . For HS oligosaccharide and HS-derived compounds, ligands are treated as semirigid bodies in molecular docking simulation, that is, with rigid glycosidic rings and linkages. This simplification largely decreases the computation cost while preserving the precision of the docking model (Raghuraman et al. 2006 ). However, this assumption might not be sufficient in the case of the HS-growth factor interaction. First, the iduronic acid ring present in the highly sulfated S-domains of HS has been shown by nuclear magnetic resonance (NMR) to bring some flexibility to the polysaccharidic chain, at least locally (Sanderson et al. 1987; Ferro et al. 1990; Hricovíni and Torri 1995; Mulloy and Forster 2000) . On a larger scale, more recent NMR data suggest that the nonsulfated NA-domains would be at the origin of the flexibility of the whole HS polymer (Mobli et al. 2008) . Second, cellular growth factors seem to able to accommodate different sulfation patterns of the S-domains (Kreuger et al. 2006) , as described for the FGF-HS interaction (Jastrebova et al. 2006; Kamimura et al. 2006; Rudd et al. 2010) . In fact, the concentration of sulfated group within the S-domains might be an important component of the binding motif as opposed to the specific type of sulfation per se (Kreuger et al. 2006; Gorsi and Stringer 2007) . This plasticity in the HS-growth factor interaction might potentially come from local flexibility due to the presence of IdoA residues. These data suggest that taking into account all the degrees of freedom of the HS chain is important to accurately model the HS-growth factor interaction.
In the present study, we describe the basis of a protocol able to explore the binding modes of HS to cellular growth factors as exhaustively as possible. The first stage consists of successive simulated annealing with two variables to be explored, typically a translation and a rotation. When used with the Autodock 4 software, the method requires a moderate computation power and can be easily run on a single workstation. In the second stage, few selected docking models are submitted to molecular dynamics (MD) simulation in bulk water. No degrees of freedom are restrained during this later stage, which allows a better optimization of the contacts between the protein and the ligand.
The complex of HS6 and FGF2 was used first in order to validate our method (Schlessinger et al. 2000) . In a second step, the docking protocol was applied to CXCL12α. This growth factor is in monomer-dimer equilibrium in solution (Veldkamp et al. 2005; Fermas et al. 2008) . The presence of heparin-derived oligosaccharides shifts this equilibrium toward the dimeric state (Veldkamp et al. 2005; Murphy et al. 2007; Fermas et al. 2008) . This "classical" dimer presents a large basic groove at the interface, which has been proposed to correspond to the HS binding site (Sadir et al. 2001 (Sadir et al. , 2004 Murphy et al. 2007) . A novel dimeric form has been recently crystallized but its ability to bind heparin has not been demonstrated (Murphy et al. 2009 ). Our calculations are in favor of HS6 binding only to the "classical" dimeric form of CXCL12α. Furthermore, in this latter case, we demonstrate that the HS6 ligand is aligned in the large basic groove at the dimer interface but can roll along its long axis.
Materials and methods

Initial coordinates
The protein coordinates were extracted from the Protein Data Bank (Berman et al. 2000) (www.pdb.org) using X-ray structures with PDB code 1FQ9 (Schlessinger et al. 2000) for FGF2, and 2NWG (Murphy et al. 2007 ) and 3HP3 (Murphy et al. 2009 ) for CXCL12α. The coordinates of the heparan sulfate hexamer (HS6) were taken from the NMR structure 1HPN (Mulloy et al. 1993 ) with the IdoA units in 2 S O conformations and the reducing-end methylated. Hydrogens were added to the structures, and their position minimized in vacuum with full nonbonded interactions. For HS6, the whole structure was minimized in the same conditions with a constraint apply on the backbone to preserve the ring shapes and the conformation of the glycosidic linkages. Structure preparation was carried out with SybylX (www.tripos.com).
Derivation of partial charges for sulfated sugars Partial charges were derived from the molecular electrostatics potential using the RESP method (Bayly et al. 2002) . To simplify the calculation, HS was broken into four building blocks: methyl-iduronate, methyl-glucosamine, methyl-sulfate and methyl-sulfamate. For methyl-glucosamine, the ω-dihedral angle of the hydroxymethyl group was modeled in gauche-gauche and gauche-trans conformation. Methyliduronate ring shape was modeled in the 1 C 4 and 2 S O conformations. In total, eight structures were considered for the partial charge calculation. Each structure was optimized at the HF/6-31G* level and its molecular electrostatics potential was calculated at the same level. The partial charges were derived from the molecular potential using the RESP method with a constraint of 0.01, in agreement with the procedure employed for GLYCAM06 force field (Kirschner et al. 2008 ), taking into account the different conformations of each compound. Intermolecular restraints were applied during the calculation to ensure that the total charge on linking moieties was null. For example, the sum of the partial charges on the methyl of methyl-sulfate and on the hydroxyl in position 2 of methyl-iduronate was zero. This ensured that once the compounds were merged to re-form the HS, the total charge is effectively an integer (-12e for the hexamer). Additionally, the partial charges on aliphatic hydrogen and O-methyl were constrained to 0 and −0.194, respectively, for consistency with GLYCAM (Kirschner et al. 2008) . The standard error and relative root mean square error were, respectively, 0.02 and 0.03 for HS. It should be noted that a similar protocol has been applied successfully for the parameterization of sugarderived compounds (Gouin et al. 2007) . Quantum mechanical N Sapay et al.
calculations were carried out with the Gaussian 3 software (Frisch et al. 2003) . The RESP procedure was carried out with the RED web server (Dupradeau et al. 2008 ).
Molecular docking
The docking simulations were carried out with the simulated annealing algorithm of Autodock 4 (Huey et al. 2007; Morris et al. 2009 ). The van der Waals, hydrogen bonds, desolvation and torsional parameters were those implemented by default in the software. The partial charges of the protein were those implemented in the Amber 99SB force field (Hornak et al. 2006) . The partial charges of HS6 were those described above.
For FGF2, a grid of 37.5 × 37.5 × 37.5 Å 3 was built around the center of mass with a spacing of 0.375 Å. For the two CXCL12α crystal structures, the grid was set to 41.3 × 41.3 × 41.3 and 45.0 × 37.5 × 45.0 Å 3 , respectively. For each simulation, 100-150 runs of simulated annealing were carried out using 250 cycles and a temperature reduction factor of 0.99. The HS6 backbone (ring shape and glycosidic linkages) was kept rigid during the calculation. Hence, hydroxyl, carboxyl, sulfate and sulfamate groups were free to move. In total, 32 torsional angles were left free to rotate. The six degrees of freedom corresponding to the translation and the rotation of the whole ligand were frozen by setting the maximum translation and angular steps to 0.00001. It should be noted that freezing the six degrees of freedom over all the docking simulations is not possible with the Lamarckian genetic algorithm as implemented in Autodock 4. Analysis of the docking results was performed with VMD 1.8.7 (Humphrey et al. 1996 (Humphrey et al. ), R 2.10 (2005 and the ggplot2 package (Wickham 2009 ).
Molecular dynamics
Simulated systems comprised two configurations of the FGF2-HS6 complex, five configurations of the CXCL12α (2NWG)-HS6 complex, eight configurations of the CXCL12α (3HP3)-HS6 complex, FGF2, CXCL12α (2NWG) and CXCL12α (3HP3) in free state, and HS6 in free state. The Amber 99SB parameters (Hornak et al. 2006 ) were used to model the protein part of the systems. For HS6, the partial charges were those derived using the RESP method. All other parameters-including Lennard-Jones parameters, bond length, 3-and 4-atom angles-were those of the GLYCAM06 force field (Kirschner et al. 2008) , including sulfate and sulfamate moieties. All the systems were prepared with the LEaP software included in the AMBER 11 package (Case et al. 2005) . MD simulations were carried out with NAMD 2.7b1 (Phillips et al. 2005) .
Simulated systems were neutralized with chlorine or sodium ions, placed in a TIP3P (Jorgensen et al. 1983 ) water box and then equilibrated over 1 ns with a 2 fs time step to a temperature of 298 K and a pressure of 1 bar by Langevin dynamics. Nonbonded interactions were cut off at 10 Å and updated every five steps. A switch function was applied beyond 9 Å. Long-range electrostatics were treated by the particle mesh Ewald method (Darden et al. 1993; Essmann et al. 1995 ) with a grid spacing of approximately 1 Å. Finally, all systems were simulated for 20 ns in the same conditions with coordinates saved every 5 ps, for a total of 4000 snapshots per trajectory. Visualization and analysis of the trajectories were done with VMD 1.8.7 (Humphrey et al. 1996) , R 2.10 (The R Development Core Team 2005) and the ggplot2 package (Wickham 2009 ).
Calculation of the rotation angle around the principal axes of HS The measurement over the trajectory of the rotation around the three principal axes of HS6 proceeds in two steps. First, the protein backbone of each snapshot extracted from the trajectory is aligned on the initial coordinates, that is, the crystal structure. Secondly, the transformation matrix fitting the hexasaccharide backbone on its initial coordinates is calculated for each snapshot-the backbone corresponds to the oxygen and carbon atoms forming the glycosidic rings and linkages. The three rotation angles around the three principal axes of HS can be directly deduced from the transformation matrix.
Free energy calculation
The free energy of binding between HS6 and CXCL12α was calculated with MM/PBSA (Jayaram et al. 1998; Srinivasan et al. 1998; Vorobjev et al. 1998 ) method as implemented in the AMBER 11 package (Case et al. 2005) . The coordinates of the protein and the ligand were extracted every 50 ps for a total of 400 snapshots per trajectory. The dielectric constant was 1 for the solutes and 80 for the solvent. The ion concentration was set to zero. Surface calculation was done with the MSMS software (Sanner et al. 1996 ) using a probe radius of 1.4 Å. The gamma and beta constants were, respectively, 0.00542 kcal Å −2 and −1.008 kcal mol −1 (Sitkoff et al. 1994 ). The entropy was estimated by performing a normal mode calculation on 10 snapshots extracted every 2 ns, after minimization using a convergence criterion of 0.0001 kcal mol −1 .
Results
Molecular interaction of an HS6 with FGF2
The FGF2-heparan complex is used as a positive control to the method presented here. Its structure has been determined by X-ray crystallography (PDB code 1FQ9, resolution of 3.00 Å) (Schlessinger et al. 2000) . This crystal also includes the ectodomain of the FGF receptor, which tightly interacts with the FGF2-heparan complex. The coordinates of the ectodomain were extracted prior to the calculation. It has to be noted that the X-ray structure of the FGF2-heparan complex without the FGF receptor is available in the PDB (PDB code 1BFC, resolution of 2.20 Å). It was not considered here because the ultimate FGF2-HS binding mode is the one formed in the presence of the FGF receptor.
The hexamer of heparan sulfate (HS6) is docked to FGF2 by mapping the Autodock score as a function of the translation and the rotation along the two independent axes, with cycles of simulated annealing at each point of the map. The translation axis (or rise axis) is defined by the protein and the HS6 centers of mass extracted from the PDB structure 1FQ9 (Figure 1 and Supplementary data, Figure S1 ). The rotation axis is the longitudinal axis of HS6, or roll axis (Figure 1 ). HS6 ligand is initially oriented to fit the shallow cleft formed Molecular modeling of heparan sulfate-growth factor interactions by amino acids R 120 and K
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, at the core of the HS binding site. The ligand is translated from 16.0 to 26.0 Å from the FGF2 center in the step of 0.5 Å and rotated over 360°in the step of 10°. During the simulated annealing cycles, translation and rotation of the whole ligand are frozen, as well as the Φ and Ψ torsion angles of the glycosidic linkages. Only the position of the hydroxyl, sulfate, sulfamate and carboxyl groups is optimized. In total, 888 docking simulations are performed, each taking at most 22 min on a single Intel 2.4 GHz processor. The result is a docking map where the Autodock score is represented as contour levels as a function of rise and roll of the ligand (Figure 2A ). The Autodock score corresponds to a prediction of the free energy of the ligand binding, lower scores corresponding therefore to better docking models. Only relative values between minimum energy and others are relevant.
At long distance range (rise >26 Å), the Autodock score is below 15 kcal mol . This corresponds to the basis score, as the ligand and the protein are too distant to tightly interact. The score shows strong variations at shorter distance (viz. 25-26 Å) with high energy values (>15 kcal mol −1 ) because of steric clashes between HS6 and FGF2. Below this distance, only roll angles between 90°and 270°result in favorable interactions, with scores below 15 kcal mol −1 . The range of tolerate roll angles becomes narrower when HS6 comes closer to the protein surface. Finally, the score is minimal (<9 kcal mol Figure 2A , B and D). It should be noted that the validity of the initial orientation has been checked by calculating the docking map for the rotation around the roll axis as a function of the rotation around the yaw axis (i.e. the rise axis in Figure 1 ). The most favorable orientation of HS6 (score ≤10 kcal mol −1 ) has been obtained for roll angles ranging between 140°and 210°for yaw angles ranging between 0°and 40°. Therefore, the orientation found in the X-ray structure in favored.
Two MD simulations in water were performed: one starting from the crystal structure of the complex and the other from the lowest energy (score = 9.82 kcal mol −1 ) point on the docking map (Figure 2A and D) . During the first 5 ns, the roll angle fluctuates around 0°for both simulations (Supplementary data, Figure S2 ). Then, the "X ray" and the "Docking" trajectories tend to a roll angle of about 150°and 190°, respectively. The rise converges toward the same value for both simulations ( 18.2 Å). It is important to note that the rotation and translation along the other principal axes of HS6 remain limited and that the standard deviations are similar between both simulations (Table I) . Finally, the drift is also consistent between the two systems.
The conformation of the FGF2 backbone does not present large differences between the "Docking" and the "X ray" simulations (Table I and Supplementary data, Figure S2 ). In both cases, the RMSD tends to be smaller when compared with FGF2 in free state, as expected. This is particularly visible in the 10 N-terminal residues, which are highly mobile. Noteworthy, the segment F 95 -T 105 seems to present a higher RMSD than the average. In the original PDB structure, it corresponds to a pair of β strands oriented toward the FGF receptor and located just below the dimer interface. The conformation of the HS6 backbone is comparable between the "Docking" and the "X ray" simulations and the free hexasaccharide in water (Table I and Supplementary data, Figure S2 ). The reducing and nonreducing ends fluctuate more than the internal units. Noteworthy, skew boat to chair or chair to skew boat transitions were observed for the IdoA residues. Their number and duration depend on the position of residue.
Overall, the position of HS6 within the FGF2 binding site is consistent between the "Docking" and the "X ray" simulations, as well as the fluctuations of the protein and the ligand backbone. Only the orientation of HS6 along the roll axis displays some variations at the end of the simulations (Figure 2A and B) . To assess whether this difference has a significant impact on the protein-ligand interaction, the FGF2-HS6 interaction has been further investigated. Contacts (hydrogen and electrostatic bonds) between HS6 and FGF2 are the same between the two trajectories ( Figure 2C ), although the intensity may differ locally. These differences are not large enough to be significant. Overall, the core of the binding site is well retrieved, constituted by residues N 27 , R . Noteworthy, some contacts are not present in the docking model ( Figure 2C , orange arrows), but occurs during the MD simulation ( Figure 2C , orange points), showing the importance of MD to refine the results of molecular docking. The contacts observed in the MD simulation of the X-ray structure are more abundant than those observed in the crystal structure (Schlessinger et al. 2000) (Figure 2C , blue points and arrows, respectively). For example, HS6 contacts with residues K 26 and K 119 are observed during the simulations, but not in the X-ray structure. Conversely, a contact with the side chain of residue T 121 is present in the experimental structure, but rarely occurs over the two simulations. It is replaced by a contact with the side chain of residue K , depending on the conformation of the amino acid side chain and the sugars (Supplementary data, Figure S3 ).
The proposed simulation approach has been validated since the experimental interaction of FGF and HS6 is satisfactorily reproduced. As expected, some movements of the ligands are observed on both extremities, but the core protein-ligand contacts are similar between the two MD simulations. Hence, the approach seems to be accurate enough to be used for the study of other protein/HS complexes. 
Molecular modeling of heparan sulfate-growth factor interactions
Molecular interaction of an HS6 with the "classical" dimeric form of CXCL12α CXCL12α has been reported to crystallize as two different homodimers in the PDB structures 2NWG and 3HP3 (Figure 3 ). The conformation of each monomer is almost identical, with the exception of the N-terminus considered as poorly structured (Murphy et al. 2007 (Murphy et al. , 2009 ). The classical dimeric form (PDB code 2NWG) is cocrystallized with a heparin disaccharide. The dimer presents a large basic groove on Face I ( Figure 3A ), which has been proposed to be the HS binding site (Sadir et al. 2001 (Sadir et al. , 2004 Murphy et al. 2007 ). In contrast, the opposite face is an almost flat electronegative surface. A first axis can be defined along this basic groove ( Figure 3A, dashed line) . A second axis can be defined, perpendicular to the first one and to the surface of the protein. These two axes define the roll and the rise axis for the docking of HS6, as previously described for FGF2 (Figure 1 ). It should be noted that the CXCL12α dimer almost perfectly symmetrical. Therefore, the initial orientation along the roll axis has no significant importance. The resulting docking map ( Figure 4A ) shows that steric conflicts start to appear for rise values of 14-17 Å, depending on the roll angle. Below this distance, roll values ranging from 225°to 300°are preferred. The lowest docking energy values are obtained for a rise of 15.5-16.5 Å and a roll of 240-260°( Figure 4A , score ≥ 9 kcal mol −1 ). This corresponds to a "side" ( Figure 4B , models A and B) or a "flat" (Figure 4B , models C-E) insertion of the ligand in the CXCL12α groove.
The docking results are not precise enough to determine whether a particular rolling orientation of the ligand is preferred over the other. To refine the CXCL12α-HS6 interaction and to determine whether a binding mode is favored, five MD simulations in explicit water are run from five different starting points on the map ( Figure 4A and B) . In all the simulations, HS6 quickly shifts toward the protein center of mass, as previously observed for FGF2 ( Figure 4A and Supplementary data, Figure S4) . A slight drift in the roll angles is also observed (Table II and Supplementary data, Figure S4 ). Simulation A drifts by −16°, getting to values close to 180°, while the roll of simulation B fluctuates around its initial value of 240°. For simulations C, D and E, the roll angle distributions intersect each other with a sampling peak around 310°. Overall, simulations A, C, D and E tends toward a "flat" orientation of the hexasaccharide in the basic groove of the protein, while simulation B tends toward a "side" insertion of the ligand. Aside the roll, displacements along the other degrees of freedom are limited in all the simulations (Table II) and reach equilibrium after 5 ns. The drift, as well as the RMSD of the protein and the ligand backbone, is similar between the five simulated systems and in the same range of values than for the FGF2-HS6 complex. Overall, the five docking models remain at equilibrium during the simulation time. (Å) 1.8 ± 0.6 1.5 ± 0.2 2.0 ± 0.4 Drift (Å) 4.8 ± 0.6 4.2 ± 0.7 Roll (°) 10 ± 10 (0) −24 ± 14 (0) Yaw (°) 14 ± 5 6 ± 7 Pitch (°) 1 ± 0 0 ± 1 Slide (Å) 3.1 ± 0.6 1.2 ± 0.7 Rise (Å)
18.3 ± 0.4 (21.0) 18.8 ± 0.6 (20.0) Shift (Å)
1.3 ± 0.4 0.1 ± 0.6
The initial roll and rise values are indicated in parentheses. The mean RMSD of the protein and the ligand backbones are reported for each complex, as well as for free FGF2 or HS6 in water. The mean drift of HS6 is also indicated. It corresponds to the RMSD of the HS6 backbone with the self-diffusion and the diffusion within the protein binding site taken into account. The CXCL12α-HS6 interaction was further investigated to verify whether substantial differences exist between docking models. First, the free energy of binding is estimated by the MM-PBSA method. There is no significant difference between the simulations. The free energy of binding (Table III) varies between −33 kcal mol −1 (model E) and −47 kcal mol −1 (model B). The energy is clearly in favor of a spontaneous formation of the CXCL12α-HS6 complex, as expected from the experimental data (Veldkamp et al. 2005; Murphy et al. 2007; Fermas et al. 2008) . The large standard deviation is not surprising; it is related to the large density of charges of the ligand and to the flexibility of the ligand and the N-terminus of the protein structure ( Figure 4D and Supplementary data, Figure S4 ). The error is probably around 5-12 kcal mol −1 , as crudely estimated from simulations C, D and E for which the ligand orientation is similar ( Figure 4A ). Models B and C display the two most favorable free energies (−47 and −45 kcal mol −1 ) although they correspond to two different orientations of the ligand. Their protein-ligand contacts were therefore investigated more thoroughly. 
There is no substantial difference between CXCL12α-HS6 contacts measured over the simulations B and C ( Figure 4C ). In both cases, there is a marked imbalance between the CXCL12α monomers in favor of chain A as illustrated by three points: (i) the 12 N-terminal amino acids establish more contacts with HS6 in chain A, (ii) , all these residues have been demonstrated by site-directed mutagenesis and in vitro binding assays to play a major role in the HS binding (Amara et al. 1999; Sadir et al. 2001) . Furthermore, amino acids K 24 , H 25 and R 41 are bound to the sulfated disaccharide cocrystallized with the protein dimer (Murphy et al. 2007 ). Of particular interest, a single mutation is not sufficient to completely abrogate the CXCL12α-HS interaction (Sadir et al. 2001) . At least a double mutation (e.g. K24S + K27S) is necessary to completely cancel the HS binding. This indicates that the removal of one contact in the core binding site can be partially compensated by other contacts.
The reducing unit of HS6, which points toward the N-terminus of chain B, seems to be more mobile and flexible than the rest of the ligand ( Figure 4D and Supplementary data, Figure S4 ). This explains the imbalance observed in the protein-ligand contacts. Note that the 10 N-terminal amino acids of CXCL12α are flexible (Supplementary data, Figure S4 ). Some flexibility is also locally observed around residues R 12 , P 32 -N 33 and N 44 -N 45 . Overall, despite a difference in the roll orientation, simulations B and C lead to the same CXCL12α-HS6 contacts. In particular, the residues of the core binding site are identical. They are aligned along the protein-protein dimer interface, except for Q 48 and R 41 ( Figure 4B ). As for FGF2, it is important to keep in mind that same residues can establish contacts with different chemical groups from the ligand (Supplementary data, Figure S5 Molecular interaction of an HS6 with the "alternative" dimeric form of CXCL12α Recently, CXCL12α has been crystallized in an alternative dimer configuration (Murphy et al. 2009 ). In this form, the positions of the N-and C-termini are inverted compared with the classical dimer, that is, the C-terminus points toward the environment, while the N-terminus is involved in the dimerdimer interface. This structure has been proposed to be physiologically inactive (Murphy et al. 2009 ). Molecular modeling can be used to evaluate the stability of the complex with HS6 in order to bring new arguments about the activity of this form. The alternative dimer has a more complex electrostatic surface than the classic one. Both faces are almost flat with an electropositive track along the dimer interface ( Figure 3B ). Hence, both faces can potentially interact with the electronegative HS. Additionally, each face is widely open to the solvent, which implies that rotation around the yaw axis of HS6 has to be considered additionally to the roll. Two docking maps have been built, corresponding to the two faces of the dimer. The first map corresponds to the translation along the rise axis-perpendicular to each face-as a function of the rotation around the roll axis of HS6 and parallel to the electropositive tracks of the protein ( Figure 3B ). This first map is useful to estimate the optimal ligand-protein distance (Supplementary data, Figure S6 ). The second map corresponds to the rotation around the yaw axis as a function of the rotation around the roll axis of HS6 ( Figure 5A) , with the optimal protein-ligand distance held constant to 14 Å for Face I and 18.5 Å for Face II.
The two maps present a similar aspect with forbidden areas for yaw values between 60 to 135°and 230 to 315°. The amplitude of values is smaller for the Face I map, as it is the flatter face. Note that there is a congruence of 180°between the forbidden areas, corresponding to a head-to-tail rotation of the hexasaccharide. For each map, four docking models were selected to be simulated by MD. Six out of the eight MD simulations lead to a stable complex, that is, with a narrow sampling of the yaw and roll angles ( Figure 5A ). RMSD CXCL12α (Å) 3.0 ± 0.5 2.7 ± 0.3 2.5 ± 0.2 2.6 ± 0.3 2.5 ± 0.2 2.7 ± 0.3 RMSD HS6 (Å)
1.8 ± 0.6 1.4 ± 0.4 1.8 ± 0.1 2.1 ± 0.2 1.5 ± 0.2 1.6 ± 0.2 Drift (Å) 4.3 ± 1.1 4.8 ± 0.3 4.7 ± 0.7 4.2 ± 0.3 5.0 ± 0.6 Roll (°) 194 ± 7 (210) 257 ± 13 (240) 306 ± 12 (250) 296 ± 9 (270) 326 ± 15 (290) Yaw (°) 8 ± 6 6 ± 3 −22 ± 7 2 ± 2 −5 ± 3 Pitch (°) 3 ± 3 −19 ± 4 4 ± 4 5 ± 3 20 ± 7 Slide (Å)
1.1 ± 1.5 1.1 ± 0.4 0.8 ± 0.6 1.6 ± 0.4 1.6 ± 0.7 Rise (Å) 11.9 ± 0.4 (14.5) 12.8 ± 0.5 (15.5) 12.8 ± 0.6 (14.5) 12.3 ± 0.3 (15.0) 12.6 ± 0.4 (14.5) Shift (Å)
1.1 ± 1.5 1.1 ± 0.4 0.8 ± 0.6 1.6 ± 0.4 1.6 ± 0.7 . The standard deviation is reported for each energy value.
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For simulation C on Face I and simulation A on Face II, the trajectory is highly unstable from the beginning of the simulation and does not seem to reach equilibrium after 20 ns. In both cases, HS6 ultimately adopts an orientation almost transversal to the protein face, with several monosaccharide units pointing toward bulk water. The instability appears clearly on drift values, superior to 10 Å for those simulations (Table IV) . On average, the drift is higher than for the previous simulations with the 2NWG structure. This is because HS6 is no more embedded in a narrow groove, but lies on an open surface well accessible to water.
Compared with 2NWG, 3HP3-HS6 contacts are less abundant and markedly asymmetrical between monomers. For Face I, main residues in contact with the ligand are K (Table V) . For Face I, the estimated free energy is not favorable for binding event, with values varying between −2 to 3 kcal mol −1 . For Face II, the estimated energy is lower and varies between +4 and −39 kcal mol , and this lowest energy being obtained for simulation D. These results suggest that Face II is more susceptible to interact with HS than Face I. They also suggest that the CXCL12α-HS6 complex would be more favorable with the classical dimer than with the alternative one. In addition, contacts between the protein and the oligosaccharide are more abundant for the classical dimer, especially contacts with basic residues. Moreover, drift and fluctuation along the translation/ rotation axis are smaller with this structure. Altogether, these data confirm that the CXCL12α-HS6 interaction is more favorable with the classical CXCL12 dimer than with the alternative one. Molecular modeling of heparan sulfate-growth factor interactions Discussion Methodology We described a method to model protein-HS complexes at a molecular level. The method proceeds in two stages. First, a fragment of HS is docked to the protein structure by independent translations and rotations along two orientation axes, with the conformation of the carbohydrates optimized at each step by simulated annealing. The translation (or rise) axis is perpendicular to the binding surface of the protein. The rotation axes are the principal axes of the polysaccharide, generally, the roll and/or the yaw axes. This approach can be seen as a systematization of the one employed previously to model the CXCL12α-HS complexes (Sadir et al. 2001 (Sadir et al. , 2004 . Docking simulations were performed with the simulated annealing algorithm as implemented in Autodock with the sugar rings and linkages restraints to their most favorable conformation. Autodock is efficient enough to compute this first stage on a single workstation. However, the Autodock scoring function is not adapted to ligands like HS, which possess a large amount of degrees of freedom coupled to a high density of charges. It is technically possible to perform the simulated annealing calculation with an MD package such as AMBER or GROMACS. This would allow for a better treatment of the molecular mechanics and solvation, and therefore for a better assessment of the docking score. However, this would place a heavy burden on the computation. Note that this first stage is well suited to parallel computing since the docking simulations are independent from each other. In the second step, the best docking models are selected and simulated by MD in water with no restraints applied. This aims at compensating the simplifications made on the first stage and improving the accuracy and the precision of the model by the observation of trends over a large statistical ensemble. In 13 out of 15 simulations, the protein-HS complexes were at equilibrium with a configuration close to the initial positioning. Each selected docking model was simulated for 20 ns. Such simulations are not long enough to observe a full convergence of the protein-carbohydrates contacts or the ligand positioning in the protein binding site. The lack of sampling was compensated by running several simulations of the same system and by observing the trends in common. The second step was achieved by the estimation of the HS free energy of binding using the MM-PBSA method. The lack of sampling reduced the precision of the estimates. However, this was sufficient to compare different binding possibilities. . The standard deviation is reported for each energy value.
In agreement with this feature, a plasticity of the proteinligand interaction was observed for both trajectories, in spite of a ligand positioning at equilibrium. Typically, the residue K 135 was alternatively in contact with the sulfates at positions 2 and 6 of GlcNS 3 and the carboxylate of IdoAS 4 , depending on the conformation of the sugars and of the amino acid side chain. This probably explains why the MD simulations did not fully converge. It has to be noted that the FGF receptor was not considered for the modeling, which may participate to the lack of convergence as well. The receptor dimer creates many hydrogen bonds with FGF2 or HS (Schlessinger et al. 2000) , which certainly stabilize the FGF2-HS interaction.
The protein backbone conformation may also participate to the plasticity of the FGF2-HS interaction. NMR studies of free FGF2 have shown that the segment 1-28 is poorly structured in solution (Moy et al. 1996) . While no rearrangement of the tertiary structure occurs upon binding, circular dichroism data suggest that a modification of the secondary structure happens (Rudd et al. 2010 ). The segment 1-15 is not present in the X-ray structure used in the present study; however, the RMSD of the segment 16-25 measured in our MD simulation is in agreement with NMR data. Note that the RMSD of this segment decreased upon binding of HS6. Taken together, these data suggest that the interaction between the full-length FGF2 and HS would underlie a complex dynamics, including a plasticity of the protein-ligand contacts. This plasticity would eventually be resolved upon binding to the FGF receptor.
Application to CXCL12α
The method tested on FGF2 was subsequently applied on CXCL12α. The protein has been demonstrated to dimerize in two different packing arrangements, depending on the crystallization conditions (Murphy et al. 2007 (Murphy et al. , 2009 ). The second one, that is, the alternative dimer, possesses two flat faces, both presenting electropositive tracks. Our method was able to demonstrate that the classical dimer is more susceptible to bind HS than the other, as expected. Therefore, the method was considered as reliable to study the case of CXCL12α.
Docking simulations showed that the classical dimer could potentially accommodate a large range of ligand rolling orientation, while maintaining its alignment in the binding groove. MD simulations performed on five different rolling orientations quickly reached a stable state within the first 5 ns. The protein-ligand distance was in excellent agreement between the five simulations performed. Two orientations of the ligand into the basic groove could be proposed: a "side" insertion and a "flat" insertion. The last one is similar to a model proposed previously (Supplementary data, Figure S7 ) (Sadir et al. 2001 (Amara et al. 1999; Sadir et al. 2001) . Note that the contacts were not perfectly symmetrical between the CXCL12α monomers. This is related to the helical shape of HS which imposes slightly asymmetrical interactions with the protein. . This behavior and the wide range of tolerated roll angles could indicate that CXCL12α would possibly be able to bind heparan with different sulfation patterns, although the affinity for heparin is higher than HS or dermatan sulfate (Amara et al. 1999 ).
Conclusion
The method we proposed to model the molecular interaction between HS and cellular growth factors was able to successfully reproduce the features of the FGF2-HS X-ray structure and to propose a new model for the CXCL12α-HS complex. The method provides a dynamical modeling of the proteinligand complex, which allows us to shed a light on the plasticity of the interaction between cellular growth factors and HS at a molecular scale. This feature was not taken into account in previous molecular model. We plan to analyze this behavior with other growth factors present in the extracellular matrix, such as the HGF or the VEGF.
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